Objective-Toll-like receptors (TLRs) initiate inflammatory signaling in response to conserved microbial molecules. It has been proposed that dietary saturated fatty acids (SFAs) may also serve as endogenous ligands of TLR2 or TLR4, thereby promoting diseases associated with inflammation and dyslipidemia, including atherosclerosis and insulin resistance. Methods and Results-We investigated the effects of SFAs on TLR-dependent signaling using a broad range of cell types and readouts. In HEK-293 cells transfected with TLR2, TLR4, or TLR5, SFAs complexed with fatty-acid-free bovine serum albumin (BSA)-stimulated TLR-dependent signaling. However, SFAs alone did not elicit a similar response. Further analysis showed that the effect seen with the complexed SFAs was attributable to LPS and lipopeptide contamination of fatty-acid-free BSA. Additional studies in macrophages, endothelial cells, smooth muscle cells, adipocytes, skeletal muscle cells, and human peripheral blood mononuclear cells confirmed the lack of stimulation of TLR-dependent signaling pathways or expression of TLR-target genes by SFAs. Conclusions-SFAs do not directly stimulate TLR-dependent signaling, suggesting that alternative mechanisms link dietary fat intake with TLR-associated pathologies. LPS and lipopeptide contamination of the widely used reagent fatty-acid-free BSA explains the previously reported stimulation of TLR2 and TLR4 by SFAs.
D iets rich in saturated fat contribute to the development of disorders associated with dyslipidemia, such as insulin resistance and atherosclerosis. 1, 2 As inflammatory signaling pathways also contribute to these pathologies, a concerted effort is underway to identify potential mechanisms that may link dietary fat intake with inflammatory signaling. One proposed link has emerged from the observation that specific members of a family of receptors involved in innate immunity, termed Toll-like receptors (TLRs), appear to play a central role in the development of atherosclerosis and insulin resistance in animal models. [3] [4] [5] [6] For example, genetic deletion of TLR4 was shown to reverse high-fat diet-induced insulin resistance in mice, 1, 3, 4, 7 whereas deletion of TLR2, TLR4, or the shared TLR-signaling adaptor MyD88 significantly reduces atherosclerosis in apolipoprotein-E (ApoE)-deficient mice fed high-fat diets. 2, 5, 6, 8, 9 It has therefore been suggested that modulation of TLR-signaling by dietary fats may partly explain the observed connection between dietary fat intake, insulin resistance, and atherosclerosis. 1,10 -13 Accordingly, identification of the ligands responsible for promoting TLR-signaling in these conditions is a key aim of current research in these fields.
The established ligands of the 10 human TLRs are conserved microbial molecules. For example, TLR2, with heterodimerization partners TLR1 or TLR6, detects bacterial lipopeptides (BLP), whereas TLR4, with the aid of the lipid-binding accessory protein MD2, detects enterobacterial lipopolysaccharide (LPS). TLR5 detects bacterial flagellin, whereas TLRs 3, 7, 8, and 9 appear to recognize nucleic acid motifs that are common in viral or bacterial pathogens (as reviewed in 14 ). Depending on the cellular context, binding of such molecules to respective TLRs promotes the rapid induction of proinflammatory intracellular signaling pathways and the upregulation of cytokines, chemokines, and adhesion molecules that are required for an efficient antimicrobial response. 14 Beyond these established microbial ligands, several molecules of endogenous (ie, host-derived) origin have also been proposed to serve as ligands for TLR2 or TLR4. Such proposals include molecules as diverse as fibronectin extra domain-A, heat-shock proteins, hyaluronan fragments, and high mobility box group-1 protein. [15] [16] [17] Notably, a number of groups have independently proposed that saturated fatty acids (SFAs) may also directly stimulate TLR2-or TLR4dependent signaling. 1,10 -13,18 -25 This has led to the proposal that SFA-mediated induction of TLR-signaling is the likely mechanism linking dietary fat intake with diseases in which TLR-signaling plays a contributing role. 1,10 -13 The aim of the present study was to establish whether SFAs stimulate TLRdependent signaling using a broad range of cell types and readouts. During the course of the studies, it emerged that contamination of a commonly used reagent to complex SFAs for use in such experiments may explain the previously reported effects of SFAs on TLR-signaling.
Materials and Methods

Reagents and Antibodies
Free and sodiated forms of the common dietary SFAs lauric acid (C12:0), myristic acid (C14:0), palmitic acid (C16:0), and stearic acid (C18:0) were purchased from Sigma and Nucheck, respectively. Three types of bovine serum albumin (BSA) from Sigma were examined in detail, including low endotoxin BSA (cat No. A9543, BSA-1), fatty acid-free (FAF)-BSA (A0281, BSA-2), and standard BSA (A3912, BSA-3). Human (A1887, HSA-4) and low-endotoxin bovine (A8806, BSA-5) FAF-BSAs were also examined. LPS, Pam 3 CSK 4 , FSL-1, and flagellin of Bacillus subtilis were from Invivogen. Antibodies to phospho-p38 MAPK, GAPDH, and IB␣ were from Cell Signaling and Santa Cruz Biotechnology.
Preparation of SFAs, BSA, and SFA/BSA Complexes
SFAs were reconstituted to 10 mmol/L in ethanol, and diluted directly into warmed culture medium for experiments examining uncomplexed SFAs. Alternatively, sodiated SFAs were dissolved in warmed culture medium directly and filter sterilized. BSA was freshly reconstituted to 5 mg/mL (Ϸ75 mol/L) in culture medium and sterile filtered immediately before experiments. SFA/BSA complexes were prepared by incubating 200 mol/L of each SFA with 40 mol/L of FAF-BSA (a 5:1 molar ratio) at 37°C for 4 hours before experiments.
HEK-293 Cell TLR-Transfection Assay
TLR-transfection assays were performed as described previously. 26 Briefly, TLR-deficient HEK-293 cells were plated in 96-well plates at 10 4 cells per well and transfected after 24 hours using Genejuice (Novagen) according to manufacturer's instructions. Amounts of construct per well were 30 ng of human TLRs 2, 4 (coexpressing MD-2), or 5 (Invivogen), 30 ng of pCD14, and 10 ng of luciferase-reporter construct driven by the NF-B sensitive E-selectin promoter (pELAM), with the balance made up with empty pCDNA3. Cells were grown for 72 hours after transfection before 18-hour challenge with each treatment in triplicate. Promoter expression is represented as fold induction relative to cells cultured in medium alone ϮSD. Cells transfected with CD14 and reporters alone were insensitive to all tested PAMPs and BSA-containing reagents (supplemental Figure I ).
Measurement of Inflammatory Mediators
RAW 264.7 macrophages were grown in DMEM supplemented with 10% FCS and plated at 4ϫ10 5 cells per well of 96-well plates 24 hours before challenge. Cells were challenged with 100 ng/mL LPS, Pam 3 CSK 4 or FSL-1, 200 mol/L of each SFA or 1 mg/mL of each BSA. For coincubation experiments, cells received 100 mol/L SFA with 0.1 to 1000 ng/mL Pam 3 CSK 4 or LPS concurrently. In some experiments, samples were preincubated with 10 g/mL polymyxin B for 10 minutes before challenge. After 4 hours, TNF-␣ secretion was measured by L929-cell bioassay as described previously. 27 For cytokine array experiments, peripheral blood mononuclear cells (PBMCs) were prepared from venous blood of healthy human subjects, obtained with informed consent according to local ethical guidelines, as described previously. 27 PBMCs were cultured in RPMI (Sigma) with 1% FCS and vehicle (1% ethanol), or a mixture of 25 mol/L each of 4 SFAs (C12, C14, C16, and C18) to total 100 mol/L, or 1 g/mL E. coli LPS for 18 hours. Expression of cytokines in the supernatant was measured by antibody-based array (R&D) according to the manufacturer's protocol. Human umbilical vein endothelial cell (HUVEC) E-selectin expression was measured by cell-based ELISA as described previously. 26
Measurement of Intracellular Signaling Intermediates
RAW macrophages, plated at 1ϫ10 6 cells per well of 6-well trays, were challenged with 200 mol/L of each SFA, 100 ng/mL of LPS, Pam 3 CSK 4 or FSL-1 or 1 mmol/L of each BSA, with or without 10 g/mL polymyxin B. Alternatively, HUVECs, or cells of the A10 smooth muscle line, were challenged with 100 mol/L of each SFA or 100 ng/mL LPS. Cells were lysed after 30 minutes and analyzed for expression of GAPDH, IB␣, and phosphorylated p38 MAPK by Western blot as described previously. 26 
Limulus Assays
Limulus amoebocyte lysate (LAL) assay kits were purchased from Quadratech EC (UK). 50 L of each sample was diluted in endotoxinfree water and added to 50 L of LAL reagent. Absorbance was measured at 405 nm after 50 minutes incubation at 37°C.
Treatment of Samples With Immobilized Lipases
A slurry of inert acrylic beads (Immobeads) covalently attached to lipase of Candida cylindracea or Candida antarctica (Sigma) was freshly prepared at a ratio of 1:10 (wt:vol) in PBS. 100 L of PBS, or immobilized lipase beads of each type, was then added to 500 L of 5 mg/mL FAF-BSA or 1 g/mL Pam 3 CSK 4 in sterile PBS, and incubated at 37°C with agitation for 18 hour. Beads were pelleted by centrifugation (13 000g, 10 minutes) and the TLR2-stimulating capacity of recovered supernatants was assayed using 293-TLR2 cells, or RAW macrophage TNF-␣ production.
Further methods are available in the supplemental materials (available online at http://atvb.ahajournals.org).
Results
Effect of SFAs on TLR-Dependent Signaling
The previously reported capacity of SFAs complexed with fatty acid free (FAF)-BSA to stimulate TLR2-and TLR4-dependent signaling 1,10 -13,18 -25 was readily confirmed using TLR-deficient HEK-293 cells transfected with TLR2 or TLR4 ( Figure 1A Erridge and Samani Saturated Fatty Acids Do Not Induce TLR-Signaling transfectants, although this was not attributable to nonspecific cellular activation as TLR5 transfectants were not sensitive to SFA/BSA complexes ( Figure 1C ). However, when SFAs were applied to cells at up to 500 mol/L in the absence of BSA, no TLR2-, TLR4-, or TLR5-dependent signaling was observed ( Figure 1D through 1F), while respective transfectants were sensitive to as little as 10 ng/mL Pam 3 CSK 4 , 0.1 ng/mL LPS, and 100 ng/mL flagellin (supplemental Figure II) . Similar results were observed using sodiated forms of each fatty acid (supplemental Figure III ). To determine whether BSA itself may serve as a ligand for TLR2 or TLR4, sterile-filtered solutions of 3 different commercially sourced BSAs were assayed in TLRtransfected cells. Remarkably, fatty-acid-free BSA potently induced TLR2 and TLR4, but not TLR5-dependent signaling, whereas the other 2 BSA preparations did not promote detectable TLR2, TLR4, or TLR5 signaling (Figure 2A through 2C). Examination of 2 further fatty acid-free albumins (1 human and 1 bovine) revealed significant TLR2 or TLR4 contaminants in these products also (supplemental Figure IV ).
Effect of SFAs and BSA on Established TLR-Induced Mediators
Stimulation of signaling via any of the TLRs in macrophages results in the induction of a characteristic set of mediators, including the induction of NF-B and p38 MAP-kinase signaling cascades and subsequent release of inflammatory cytokines, such as TNF-␣. 26 Treatment of RAW macrophages with SFAs did not induce these mediators, whereas fatty-acid free BSA, but not untreated BSA, induced phosphorylation of p38 MAPK, degradation of IB␣, and secretion of TNF-␣ ( Figure 3A and 3B). SFAs did not induce expression of E-selectin in endothelial cells ( Figure 3C ), nor degradation of IB␣ in endothelial cells or aortic smooth muscle cells ( Figure 3D and 3E ). SFAs also did not promote IB␣ degradation, p38 MAPK phosphorylation, or induction of IL-6, TNF-␣, or CCL-2 mRNA in cultured 3T3-L1 adipocytes or C2C12 skeletal muscle cells (supplemental Figure  V) . Likewise, whereas human PBMC produced TNF-␣ in response to ligands of TLR2, TLR4, or TLR5, they did not do so in response to SFAs (supplemental Figure VI) . 
Effect of SFA/BSA Complexes on TLR-Dependent Signaling
We next sought to determine whether SFAs complexed with noncontaminated BSA could promote TLR-signaling. After removal of endogenous fatty acids from uncontaminated BSA-3 using activated charcoal at low pH, no fatty acids were detectable, in common with commercially-sourced FAF-BSAs ( Figure  4A ). The capacity of freshly prepared FAF-BSA-3 to complex SFAs was then compared with commercial FAF-BSA-2. After size exclusion chromatography to remove unbound SFAs, both types were found to efficiently form stable complexes containing Ϸ3 mols SFA per mol BSA ( Figure 4A ), similar to that observed in BSAs containing endogenous FAs (BSA-1,3) . The freshly generated SFA/BSA complexes did not induce stimulation of TLR2-or TLR4-dependent signaling in HEK-293 transfectants, or TNF-␣ production in RAW macrophages ( Figure 4B through 4D ).
Effect of Polymyxin-B on Lipopeptide Signaling
Several previous studies of SFA function have discounted contamination of reagents with bacterial molecules through the use of polymyxin-B, an antibiotic that sequesters and thereby inactivates contaminating lipopolysaccharides (TLR4 agonists). 22, 23, 25 We confirmed that polymyxin-B cotreatment efficiently blocked LPS-induced TNF-␣ secretion, IB␣ degradation and p38 MAPK phosphorylation in RAW macrophages ( Figure 5A and 5B) . However, polymyxin-B treatment had no effect on the induction of these mediators in RAW macrophages treated with the synthetic di-acyl agonist of the TLR2/6 heterodimer FSL-1, or the synthetic triacyl agonist of the TLR2/1 heterodimer Pam 3 CSK 4 (Figure 5A and 5B) . In several other previous studies of SFA function, contamination of reagents with bacterial molecules has been ruled out by examining the capacity of reagents to stimulate the limulus (LAL) reaction. 1, 10, 12 However, it was found that although this assay is highly sensitive to LPS contamination, it is insensitive to di-acyl or triacyl lipopeptides, or to flagellin ( Figure 5C ).
Effect of Lipase Treatment on Biological Activity of Lipopeptide Contaminants
As polymyxin-B treatment and LAL assays were found to be unsuitable controls for contamination of reagents with bacterial lipopeptide, alternative control methodologies were sought. Treatment of Pam 3 CSK 4 with lipases derived from C antarctica or C cylindracea was therefore attempted, because covalent acylation of lipopeptides is a requirement for their capacity to stimulate TLR2 signaling. 28 Accordingly, such treatment was found to reduce the capacity of Pam 3 CSK 4 to stimulate TNF-␣ secretion from macrophages or TLR2-signaling in HEK-293-TLR2 cells by 99% and 96% respectively ( Figure 6A and 6C) . Likewise, lipase treatment of FAF-BSA reduced TNF-␣ and TLR2-signaling induced by this reagent by up to 97% and 92%, respectively ( Figure 6B and 6D) , indicating that the TLR2- . Effect of SFA/BSA complexes on TLRdependent signaling. A, Fatty acids were removed from BSA-3 by activated charcoal treatment (AC-BSA). AC-BSA, or commercial FAF-BSA (BSA-2), were then complexed with indicated SFAs before size exclusion chromatography to remove unbound SFAs. Fatty acid content of each preparation was measured by enzymatic assay. The capacity of each preparation to stimulate TLR2-or TLR4-dependent signaling in transfected HEK-293 cells (B and C), or TNF-␣ production from RAW macrophages (D), was then measured. **PϽ0.01 vs medium only. dependent signaling of FFA-free BSA is likely to be attributable to contamination with bacterial lipopeptides.
Discussion
As diets rich in SFAs are established to promote insulin resistance and atherosclerosis in mice, 1, 2, 5, 7 and beacause it has emerged that the innate immune receptors TLR2 and TLR4 play contributing roles in these diseases, [1] [2] [3] [4] [5] [6] [7] [8] [9] it has been suggested that SFAs may promote these conditions via direct stimulation of TLR2-or TLR4dependent signaling. 1,10 -13 Indeed, several groups have reported that SFAs directly induce either TLR2-or TLR4-dependent signaling in cultured macrophages and transfected cells. 1,10 -13,18 -25 However, an inherent difficulty with studies of novel potential TLR-ligands is the fact that bacterial LPS and lipopeptides, the established ligands of TLR2 and TLR4, are frequent contaminants of the reagents required to perform these studies. For example, the proposed proinflammatory properties of both heat shock protein-60 and C-reactive protein were shown subsequently to be attributable to LPS contamination of the recombinant proteins examined. 29, 30 The present study therefore aimed to establish whether SFAs may indeed directly stimulate TLRdependent signaling in cell types relevant to atherosclerosis, or whether LPS and lipopeptide contamination may instead account for the previously reported properties of SFAs.
In a screen of a wide variety of cell types, including macrophages, adipocytes, smooth muscle cells, and endothelial cells, we found that SFAs did not induce expression of gene products that are typically upregulated by TLR-stimulation, such as IL-1␤, TNF-␣, CCL-2, and E-selectin. SFAs also did not promote the phosphorylation of p38 MAPK or degradation of IB␣, which are established to be universal features of TLRstimulation in macrophages. 14 Finally, in transfected HEK-293 cells, which are sensitive to very low concentrations of respective TLR-ligands, SFAs, even at supraphysiological levels, neither induced nor enhanced TLR2 or TLR4 signaling ( Figure  1 and supplemental Figure IX) . Thus, although our studies are limited to the examination of isolated cells in vitro and therefore cannot rule out potential effects in vivo, our results support recent biochemical evidence that SFAs do not physically bind to TLR4 or MD2, 13 and suggest that SFAs do not directly stimulate TLR-signaling in these systems.
Instead, we present evidence that fatty-acid-free BSA, the reagent used in previous studies to present SFAs to cells in a physiological form, can be contaminated with both LPS and lipopeptide, and therefore likely accounts for the results of these previous studies. 1,10 -13,18 -25 Notably, the issue of potential contamination of reagents with bacterial products was addressed in several of these studies by use of either the limulus assay, 1, 10, 12 which detects LPS, or polymyxin-B, 22, 23, 25 which neutralizes LPS (as summarized in supplemental Table I ). However, we found that these 2 widely used control methodologies neither detect nor neutralize TLR2-stimulating lipopeptide contaminants ( Figure 5 ). Instead, we show that treatment of samples with immobilized lipases can efficiently remove the TLR2stimulating activity of lipopeptides from contaminated reagents ( Figure 6 ). This technique may therefore be of use in future studies of novel candidate TLR-agonists, as a screen of other commonly used laboratory reagents revealed that TLR2 or TLR4 stimulants can also be found in restriction enzymes, occasional azide-free antibodies and casein (supplemental Figure X) , suggesting that lipopeptide contamination of laboratory reagents may be more widespread than previously appreciated.
It should be noted that the current findings do not refute the possibility that TLR2 or TLR4 may be involved in the potentiation of insulin resistance or atherosclerosis by fatty diets. Indeed, the data from in vivo investigations of the roles of TLR2 and TLR4 in atherosclerosis and insulin resistance seem well controlled, robust, and conclusive. Diet-induced insulin resistance is clearly reduced in TLR4-deficient animals, 1,3,4,7 and aortic plaque burden has been shown to be significantly reduced in TLR2-, TLR4-, or MyD88-deficient mice by several independent groups. 2, 5, 6, 8, 9 Moreover, numerous studies have shown that experimental administration of the established ligands of TLR2 or TLR4 (ie, lipopeptide or LPS), in the purified forms to animals markedly enhances insulin resistance 31 and atherosclerosis. 5, 6, 9 Thus, although the present study indicates that SFAs do not promote these pathologies by direct stimulation of TLRsignaling, it seems clear that an alternative TLR-dependent mechanism links dietary fat intake with insulin resistance and atherosclerosis. One possibility that is currently being investigated by ourselves and other researchers is that the large quantities of lipopeptide and LPS derived from the commensal organisms of the mammalian intestine may contribute to systemic stimulation of TLR2 or TLR4 signaling. We showed recently that a high-fat meal markedly increases circulating concentrations of LPS in healthy human subjects postprandially. 32 Likewise, in mice, it has been shown that the mechanism of absorption of intestinal endotoxin is similar to that of fat-soluble vitamins, being via incorporation into chylomicrons and subsequent transport to the circulation via the thoracic duct. 33 With this mechanism in mind, and the recent observation that around 0.2% of orally-ingested radiolabeled LPS can cotranslocate with dietary fat into the circulation, 33 we were interested to find that standard mouse chow can contain large quantities of both lipopeptide and LPS (supplemental Figure X) . However, al- though this finding is likely to be of relevance to studies of germ-free animals, as the human intestine contains up to 1 gram of LPS, the commensal-derived pools of these agents seem more likely to play a greater role in modulating diet-dependent inflammatory processes. Taken together, the findings of the present study suggest that SFAs do not directly stimulate TLR-signaling and that the mechanisms linking high-fat diets with TLR-associated pathologies such as atherosclerosis and insulin resistance remain to be discovered. Further studies will be required to investigate whether alternative mechanisms, such as diet-induced translocation of intestinal endotoxins, may contribute to the TLR-dependent component of common chronic inflammatory diseases.
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